Catabolism of sulfated mucopolysaccharide by normal human fibroblasts in culture is progressively inhibited as the pH of the growth medium is raised from 6.8 to 8.0. The final cell density increases with the change in pH. The capacity to degrade mucopolysaccharide is rapidly restored by lowering the pH, and this reactivation does not require protein synthesis. Such pH dependence is not observed in cells from patients with genetic impairment of mucopolysaccharide degradation, such as the Hurler or Hunter syndromes. These results may have relevance not only to studies of mucopolysaccharide metabolism in cell culture, but also to the use of metachromasia as a genetic marker and to the observation that normal fibroblasts are released from contact inhibition of growth as the pH of the growth medium is raised.
Recent reports have emphasized the importance of pH control in cell cultures (1) (2) (3) (4) . Growth rate, contact inhibition of growth, and cell mobility are all strongly influenced by pH of the culture medium. No biochemical explanation of these phenomena has been offered.
We have now found that a small increase in the pH of the culture medium strongly diminishes the catabolism of sulfated mucopolysaccharides in normal cells, while cells with certain genetic defects in the degradative pathway are affected little, if at all, by pH changes. Thus, by a minor manipulation of the environment, a condition mimicking storage disease can be induced in normal fibroblasts.
MATERIALS AND METHODS
Fibroblast lines were derived from skin biopsies of three normal individuals and from patients with genetic mucopolysaccharidoses (5) . The cells were routinely maintained as described (6, 7) , with Eagle's minimal essential medium modified by the substitution of MgCl2 for MgSO4, and by reduction of the NaHCO3 concentration to 1.6 g/liter. Inorganic sulfate in this medium was 0.4 mM. Cell protein was measured after trypsinization; 1-mg cell protein corresponds to about two million cells. Cultures were periodically checked for mycoplasma infection, and infected cultures were discarded.
Techniques for the study of mucopolysaccharide metabolism have been described (6, 7) . In brief, the technique involves measurement of the incorporation of 35SO4 into mucopolysaccharides, taking advantage of the fact that mucopolysaccharides are the only macromolecules to become labeled with inorganic sulfate in cultured mammalian cells. Carrierfree H2 35SO4 was obtained from New England Nuclear Corp.
In studies on the effect of pH, nonvolatile organic buffers were used as described by Eagle (3); media were changed every 24 hr and the cells were incubated with air as the gas phase. Under these circumstances the pH of the medium never decreased by more than 0. state such as that observed below pH 7 is not reached at pH 7.4 or higher. This increase in accumulation is not caused by the organic buffers per se, since the buffers at pH 7.91 and 7.38 are identical, the difference being that while the first has air as the gas phase, the second is incubated with 5% C02 in air; in addition, experiments in which organic buffers were omitted and the pH was varied by varying the bicarbonate concentrations of the medium from 19 to 60 mM (pH 6.8 and 7.5, respectively) gave similar results.
While intracellular accumulation of mucopolysaccharide is strongly pH dependent, we did not detect any pH effect on the amount of mucopolysaccharide secreted into the medium or released by trypsinization of the cells. Fig. 3 shows that it is the disappearance of intracellular mucopolysaccharide that is affected by pH. Earlier studies have shown that this disappearance is due to degradation (6) (7) (8) (9) , and we propose, therefore, that it is the breakdown of mucopolysaccharide that is affected at higher pH.
The pH-dependent inactivation of mucopolysaccharide degradation is rapidly reversed when cells are transferred to pH 6.8 (Fig. 3) . This reappearance of degradative activity occurs without a lag, as determined by testing at 2, 4, and 6 hr after change of medium. Furthermore, this reappearance is probably not dependent upon protein synthesis, since it is unaffected by the presence of 40 AM puromycin in the medium, which inhibits the incorporation of labeled leucine into protein by 95%.
Dependence of mucopolysaccharide catabolism on pH is also evident when the mucopolysaccharide is supplied exogenously. The amount of radioactive mucopolysaccharide, proteodermatan sulfate, taken up by pinocytosis (9a), was about the same at pH 6.8 and 8.0 (15,300 cpm/mg of cell protein in 24 hr at pH 6.8, against 18,800 cpm/mg of cell protein at pH 8.0 out of 91,100 cpm supplied). The proportion of the pinocytosed material that was degraded to ethanol-soluble fragments, however, was strikingly different: 32% at pH 8.0, in contrast to 86% at pH 6.8.
Fibroblasts from patients with a genetic mucopolysaccharidosis accumulate excessive mucopolysaccharide at pH 6.8 because they are deficient in a genotype-specific protein factor needed for adequate degradation (7) (8) (9) (10) (11) (12) . The mucopolysaccharide metabolism of these fibroblasts is affected slightly or not at all by an increase in pH (Table 1 ). However, fibroblasts from patients with Morquio's syndrome, where such deficiency has not been detected, behave as normal cells.
Fibroblasts from patients with Hunter's syndrome can be made normal with respect to their mucopolysaccharide metabolism by including in the medium the protein factor in which they are deficient (7, 12) . As expected, such reconstituted Hunter cells still fail to catabolize mucopolysaccharide at pH 8 (Table 1) . It is evident that the defects of the mucopolysaccharidoses and their correction must be studied at pH 7 or lower, where the difference between the normal and mutant genotype is maximal. These observations may be relevant to the problems of using metachromasia as a histochemical measure of mucopolysaccharide accumulation. Recently, cellular metachromasia has been observed not only in fibroblasts from patients with disorders of mucopolysaccharide metabolism, but also in fibroblasts from patients with unrelated genetic disorders and even normal fibroblasts (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Some of the controversy that has developed around this subject (24, 25) may stem from lack of awareness of pH as a critical variable, together with the general use of bicarbonate buffers in which pH control is poor (3) .
One of the characteristics of the observations described is the ease with which the mucopolysaccharide degradative system of the normal cell inactivated by high pH can be reactivated by lowering the pH, and that this process is not dependent upon protein synthesis. This observation implies that the degradative enzymes are present but inactive in the cell at the higher pH and that they gain activity as the pH is lowered. Whether this pH sensitivity is mediated through changes in the cell membrane or actually reflects pH changes within the lysosomes cannot be decided by the present observations. It is not known whether pH-dependent properties of cellular growth are related to pH-dependent mucopolysaccharide catabolism or are independent but coincident phenomena. Mucopolysaccharides are constituents of cell membranes and contribute to the electronegative charge that characterizes such membranes (26, 27) . Interference with the breakdown of these molecules at high pH could perhaps interfere with interaction of approaching cell membranes throught to be a necessary prelude to contact inhibition of growth (28) . It may well be, however, that degradation of other macromolecules is likewise inhibited at the higher pH, thereby contributing to the molecular basis for the pH-dependent properties of cells in culture.
